Abstract-
I. INTRODUCTION
A large number of small antennas have recently been proposed and reported in the literature for the applications of GPS and WLAN. Generally speaking, these proposed antennas can be classified as external/off ground plane antennas [1] - [2] and internal/on ground plane antennas [3] - [6] . It is generally not difficult to design a compact external/off ground plane antenna covering these bands, because the antenna is very open due to the ground plane underneath the antenna being partially or totally cleared. The penalty of the ground plane clearance is that no components can be mounted on the printed circuit board (PCB) under the antenna, even on the opposite face of the board. Furthermore, hand and head effects on the external /off ground plane antennas are very significant. By contrast, the design of a compact internal/on ground plane antenna is more difficult, as it requires more antenna volume to achieve sufficient bandwidth.
In this paper, a very compact and low height internal antenna is proposed for GPS and WLAN applications. The proposed antenna is a PIFA antenna in conjunction with a parasitic element. One of the distinguishing features of this antenna is that the second order mode of the PIFA antenna could be rigorously employed in order to reduce the antenna's volume and to enhance its performance. Two practical design examples have been examined and presented to validate the proposed antenna.
II. ANTENNA DESIGN AND CONFIGURATION
The configuration of the proposed antenna is illustrated in Fig. 1 , where the front view, top view and expanded view of the antenna are shown. The antenna on the substrate is located at the top left corner of the PCB. There is no ground plane clearance underneath the antenna. The antenna consists of a PIFA antenna and a parasitic element. The PIFA antenna has two connections to the PCB through a grounding strip and a feeding strip denoted by "G" and "F" respectively, as shown in Fig. 1(b) , while the parasitic element has only a grounding strip connecting to the PCB. Two examples have been examined to validate the proposed antennas. In the first example, the antenna has dual band operation covering GPS and WLAN 2.4 GHz. The PIFA is the GPS antenna resonator, while the parasitic element is the WLAN antenna resonator. In the second example, the antenna has triple band operation covering WLAN 2.4 GHz, WLAN 5.2 GHz and WLAN 5.8 GHz. The lowest resonant mode of the PIFA antenna has one quarter wavelengths and resonates at the WLAN 2.4 GHz band, and the second order mode of the PIFA antenna has three quarter wavelengths and resonates at the 5.2 GHz WLAN band. Furthermore, the 5.8 GHz WLAN band is covered by the parasitic element. A capacitive-tuning slot [7] is cut between the grounding and feeding area to optimize the input impedance matching of the PIFA antenna. Fig. 2 shows the simulated electrical current distribution of the dual band GPS and WLAN 2.4 GHz antenna at the central frequencies of the two bands, while the simulated electrical current distribution of the triple band WLAN antenna at the central frequencies is illustrated in Fig. 3 . The simulation tool used in these simulations is CST Microwave Studio [8] . It is interesting to note that for the WLAN 5.2 GHz band, if we divide the PIFA antenna into three sections starting from the feeding area, namely section one from Point A to B, section two from Point B to C, and section three from Point C to D, the current changes direction at the junction between the first and the second sections, namely the Point B area. This indicates that the total electrical length of the PIFA antenna is approximately three quarter wavelengths. Consequently the antenna resonates with its second order mode.
III. SIMULATED AND MEASURED RESULTS
To validate the basic concept of the proposed antenna outlined in the above section, the two examples have been further examined by simulating and measuring the antennas' reflection coefficient and radiation efficiency in this section. The simulated reflection coefficient (dB) of the dual band antenna is shown in Fig. 4 , and the simulated and measured reflection coefficient (dB) of the triple band antenna is shown in Fig. 5 , in which the band edges of the low and high WLAN bands are also presented. As can be seen, both of the antennas can meet a 10 dB bandwidth within all of the specified bands. The simulated antenna radiation efficiency of the dual band antenna is shown in Fig. 6 , and the simulated and measured antenna radiation efficiency of the triple band antenna is shown in Fig. 7 . It can be seen that the antennas' radiation efficiencies are better than -2.0 dBi within all the specified frequency bands. Overall the simulated results are in agreement with the measured results, although there is up to 1.0 dB discrepancy between the simulated and measured results, which is probably due to the accuracy issues in making the prototype antenna as well as simulation and measurement error.
(a)
The simulated radiation patterns of the dual band antenna at the central frequencies of the GPS and WLAN 2.4 GHz bands are shown in Fig. 8 , and the antenna gains are 3.61 and 4.75 dBi, respectively. It should be noted here that for hand held mobile devices the most import parameter is antenna radiation efficiency, rather than antenna gain. And most mobile operators require the specification of total radiated power (TRP) and total isotropic sensitivity (TIS) that are directly related to antenna efficiency or antenna averaged gain. This is because the orientation of a hand held device could be arbitrary and omnidirectional radiation pattern is usually preferred. For a given antenna radiation efficiency, higher antenna gain indicates the antenna is more directional Furthermore, as unbalanced antennas, such as PIFA and monopole, are often used in hand held mobile devices, the antennas' radiation pattern and gain are generally not dominated by the antennas themselves, but by the size of PCB and the location of the antennas.
IV.
CONCLUSION A multi-band internal antenna has been presented for the applications in mobile terminals. The internal antenna is very compact and has very low height in comparison with conventional designs. The proposed antenna exhibits good matching, bandwidth and radiation efficiency across all the specified bands. 
